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By comparing electrospray ionization Fourier-transform ion cyclotron resonance (FT-ICR)
mass spectra and collision-induced dissociation (CID) FT-ICR mass spectra of a phospholipid
(851 Da) extracted from natural abundance and 99% 13C bacterial growth media, we are able
to reduce its number of possible elemental compositions (based on 610 ppm externally
calibrated mass accuracy and biologically relevant compositional constraints) from 394 to 1.
The basic idea is simply that the mass of a molecule containing N carbon atoms increases by
N Da when 12C is replaced by 13C. Once the number of carbons is known, the number of
possible combinations of other atoms in the molecule is greatly reduced. We demonstrate the
method for a stored-waveform inverse Fourier transform-isolated phospholipid from an
extract of membrane lipids from Rhodococcus rhodochrous hydrocarbon-degrading bacteria
grown on either natural abundance or 99% 13C-enriched mixtures of n-hexadecane and
n-octadecane. We project that this method raises the upper mass limit for unique determina-
tion of elemental composition from accurate mass measurement by a factor of at least 3,
thereby extending “chemical formula” determination to identification and sequencing of larger
synthetic and bio-polymers: phospholipids, oligopeptides of more than three to four amino
acids, DNA or RNA of more than two nucleotides, oligosaccharides of more than three sugars,
etc. The method can also be extended to determination of the number of other atoms for which
heavy isotopes are available (e.g., 15N, 34S, 18O, etc.). (J Am Soc Mass Spectrom 2000, 11,
835–840) © 2000 American Society for Mass Spectrometry
Except for positional isomers (which differ in restmass only at the sub-nanoDalton level) and opti-cal isomers, every distinct elemental composition
(CcHhOoNn . . . ) has a different mass, if mass can be
determined with sufficient accuracy. However, the use
of accurate mass measurement for determination of
elemental composition of organic molecules, originally
introduced by Beynon [1], has until now generally been
restricted to volatile organic species of less than ;300
Da [2], because even at low ppm mass accuracy, there is
generally more than one possible elemental composi-
tion for an ion heavier than ;300 Da. Although isotopic
“fine structure” (i.e., resolution of isobaric species of
different elemental composition) has been achieved for
proteins up to ;16 kDa, determination of the number of
atoms of a given element in such cases is based on
relative abundance, not accurate mass measurement [3].
Various advantages of isotopic enrichment have long
been recognized in mass spectrometry. For example,
uniform 15N enrichment of p21 tumor suppressor pro-
tein provided for identification of its trypsin-cleaved
fragments in a p21-B/Cdk2 complex [4], based on the
observed shift to higher mass of fragments from the
labeled (p21) vs. unlabeled (Cdk2) protein. Stable iso-
tope enrichment or depletion can also facilitate identi-
fication of biologically important molecules [5–7], as
well as determination of isotopic content by isotope-
specific fragmentation [8–10].
Recently, it has been demonstrated that 13C and 15N
isotopic depletion can yield accurate mass (to within 1
Da) for proteins of up to ;80 kDa, based on detection of
the monoisotopic species, in which all carbons are 12C,
all hydrogens are 1H, all nitrogens are 14N, etc. [11]. It
then becomes possible to count the number of disulfide
bonds, identify deamidation and other posttranslational
modifications, resolve and identify adducts, and iden-
tify variant amino acid sequences [12].
Nevertheless, the highest currently obtainable mass
accuracy (0.1–1 ppm for ions of .500 Da, over a
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chemically useful mass range of at least a few Da), even
for a monoisotopic species, is insufficient to yield a
unique elemental composition for ions of .300–400 Da.
Thus, elemental compositions of most interesting
biopolymers (oligopeptides of more than three to four
amino acids, DNA or RNA fragments of more than two
nucleotides, oligosaccharides of more than three sugars,
and any phospholipid) have until now been out of reach
of accurate mass measurement.
In this paper, we point out that the nominal (i.e.,
nearest-integer) mass difference between natural abun-
dance (e.g., ;1% 13C) and isotopically enriched (;99%
13C) forms of the same molecule immediately yields the
number of carbon atoms in the molecule. Once the
number of carbon atoms is known, the number of
possible combinations of other atoms is drastically
reduced (by at least an order of magnitude), thereby
extending by a factor of at least 3 the highest mass for
which elemental composition may be determined
uniquely by mass measurement to a given accuracy.
Although we demonstrate the method for phospholip-
ids, the same approach will obviously apply to
polypeptides, polynucleotides, polysaccharides, and
other synthetic or biological molecules. Moreover, the
same idea may also be extended to determination of the
number of any of several other atoms for which stable
isotopes are readily available (e.g., number of nitrogens
based on nominal mass difference between naturally
abundant vs. 15N-enriched molecules).
Experimental
Sample Preparation
Preparation of the bacterial lipid samples is described in
more detail elsewhere [13]. Briefly, Rhodococcus rhodo-
chrous (ATCC# 53968) cultures (5 mL) in Ledbetter–
Foster basal salts were grown at 28 °C for 48 h on both
natural abundance and 99% 13C-enriched 1:1 (vol/vol)
mixtures of n-hexadecane and n-octadecane. The cells
were then isolated and subjected to a modified Bligh–
Dyer lipid extraction [14]. The organic solvent was
removed, and the samples were redissolved in 2:1
(vol/vol) methanol:chloroform and vortexed prior to
negative ion electrospray ionization mass spectrometric
analysis.
Mass Analysis
All mass analyses were carried out with a homebuilt
Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometer [15] equipped with a 22 cm horizon-
tal room temperature bore 9.4 tesla magnet (Oxford,
Oxney Mead, England) and an Odyssey data station
(ThermoQuest, Bremen, Germany). Negative ions were
generated from a microelectrospray source [16] at a
flow rate of 300 nL/min and a source potential of ;3 kV
before external accumulation (5–15 s) in an octopole ion
trap [17] and introduction to the ICR cell. Collision-
induced dissociation (CID) for lipid characterization
was achieved by isolating the ions of interest by stored
waveform inverse Fourier transform (SWIFT) radial
dipolar mass-selective ejection [18, 19] followed by
sustained off-resonance irradiation (SORI) fragmenta-
tion [20, 21]. The collision gas was argon, pulsed to 1 3
1026 torr 100 ms prior to a 500 ms single-frequency
SORI excitation 2 kHz below the ICR frequency of the
most abundant peak in the SWIFT-isolated isotopic
envelope. Product ions were excited by dipolar fre-
quency sweep (chirp), 150 Hz/ms at 210 Vp-p, followed
by direct detection at a Nyquist bandwidth of 1.5 MHz.
Time-domain data were Hanning apodized and zero
filled prior to magnitude-mode fast Fourier transforma-
tion.
Results and Discussion
Isotopic replacement experiments are facilitated by the
ready commercial availability of isotopically enriched
growth substrates for preparation of 13C and/or 15N
isotopically enriched proteins for FT-NMR experiments.
Isotopic enrichment of a single atom type can greatly
simplify the assignment of elemental composition from
accurate mass measurement. For example, in the mo-
lecular formula, CcHhNnOoPp, knowledge of the num-
ber of carbons reduces the number of variables in the
molecular formula from 5 to 4. However, there is a
much more dramatic reduction in the number of possi-
ble elemental compositions corresponding to measure-
ment of mass to within a stated accuracy, due to the
large mass fraction of carbon in most compound classes.
Determination of Carbon Number of Precursor Ion
Consider the phospholipid, 36:2 phosphatidylinositol
(i.e., phosphatidylinositol in which the 2 alkyl side
chains total 36 carbons and 2 double bonds), whose
natural abundance and 99% 13C-enriched mass spectra
are simulated in Figure 1. There are more than 2500
elemental compositions (including only 12C, 1H, 14N,
16O, 32S, and 31P) whose exact masses fall within a 610
ppm mass window of the correct value for the phos-
phatidylinositol. (Note: we have assumed that the neg-
ative ion is a deprotonated species, which is most
commonly observed by electrospray ionization, thereby
eliminating another 2500 possible radical ion composi-
tions.) Only 394 of those formulas contain a biologically
reasonable carbon content (i.e., carbon makes up 35%–
75% of the mass). However, if the same phospholipid is
enriched with 99% 13C, then its mass spectrum shifts to
n Da higher in mass, in which n is the number of
carbons. Thus, the number of carbon atoms may be
determined simply from the mass difference between
99% 13C and natural abundance (1% 13C) molecular
ions. Once the number of carbons is known, a search
performed with the same elemental constraints [except
that the number of carbons is now fixed (in this case, at
45)] yields only 19 possible elemental compositions (i.e.,
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20 times fewer possibilities)! If it may further be as-
sumed that the precursor ion of interest is a phospho-
lipid (e.g., as a result of the extraction process leading to
the sample), then eliminating sulfur and requiring one
or more phosphorus atoms leaves only five possible
elemental compositions at the same (610 ppm) mass
accuracy. Of those, the correct composition may be
established either by improved mass accuracy (to 64
ppm) or by ion dissociation (see below).
Determination of Carbon Number of Collision-
Induced Fragment Ions
Even without direct knowledge of the chemical class of
the sample, comparison of collision-induced dissocia-
tion (CID) for natural abundance and 99% 13C fragment
ions allows for determination of the number of carbons
in each fragment (and hence for each neutral loss as
well), thereby further limiting the number of elemental
compositions consistent with precursor, fragments, and
neutral losses. For example, Figure 2 shows an experi-
mental microelectrospray FT-ICR broadband negative-
ion mass spectrum of a natural-abundance lipid (bot-
tom), its SWIFT-isolated [19, 22] precursor lipid anion
(bottom, inset) and the mass spectrum (top) following
CID of the SWIFT-isolated anion. The mass accuracy for
this spectrum, based on prior external frequency-to-
mass calibration [23], is 610 ppm. Similar mass spectra
shown in Figure 3 for the same lipid anion are now
shifted to higher mass as a result of nearly complete
replacement of 12C by 13C, because the lipid was ex-
tracted from bacteria grown from a 99% 13C rather than
natural-abundance (99% 12C) carbon source. Note that
the SWIFT-isolated lipid in Figure 3 is chemically
identical to the SWIFT-isolated lipid of Figure 2, be-
cause each major neutral loss species in Figure 3 has the
same nominal mass (shifted upward by the number of
carbons in each neutral loss) as for the same lipid
isolated in the natural abundance spectrum of Figure 2.
Similarly, the magnitude of the mass shift for the
SWIFT-isolated precursor lipid anion (Figure 4), allows
for direct determination of the carbon content of the
precursor lipid anion. Specifically, the precursor lipid
anion mass increases by (895 2 851) 5 44 Da in pro-
ceeding from natural abundance (;1% 13C) to ;99%
13C nutrient; the precursor lipid anion must thus con-
tain 44 carbons. In the absence of knowledge of the
number of carbons in the molecule, 330 different ele-
mental compositions match the experimental mass to
Figure 1. Simulated mass spectra for natural abundance (top)
and 99% 13C-enriched (bottom) 36:2 phosphatidylinositol anion.
At a mass accuracy of 610 ppm, the number of possible elemental
compositions is 394. Prior knowledge of the number of carbon
atoms in the patent lipid anion reduces the number of possible
elemental compositions by a factor of ;20, thereby simplifying the
assignment of the chemical formula for the lipid.
Figure 2. FT-ICR mass spectrum (bottom) of a raw bacterial lipid
extract from Rhodococcus rhodochrous (ATCC# 53968) grown from a
natural isotopic abundance medium. The SWIFT-isolated 851 Da
isotopic distribution is shown in the bottom right inset along with
the SORI fragmentation spectrum (top).
Figure 3. FT-ICR mass spectrum (bottom) of a raw lipid extract
from Rhodococcus rhodochrous (ATCC# 53968) bacteria grown from
a 99% 13C-enriched medium. The SWIFT-isolated 895 Da isotopic
distribution is shown in the bottom right inset along with the SORI
fragmentation spectrum (top).
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within 610 ppm. In contrast, once the carbon number
(44) is known from comparison of the 12C and 13C
monoisotopic masses, all but 19 possible elemental
compositions may be eliminated; of those, only five are
consistent with a generic phospholipid. Although un-
ambiguous assignment of a single elemental composi-
tion is not possible from a single mass measurement at
610 ppm mass accuracy, the additional information
provided by CID (see below) nevertheless allows for
unambiguous assignment of precursor ion elemental
composition even in the absence of any chemical knowl-
edge of the sample.
Elemental Compositions of Fragment and
Precursor Ions, Based on Carbon Number
At relatively modest FT-ICR mass accuracy (610 ppm),
knowledge of the carbon content for each CID product
anion lower than ;500 Da in mass (based on compari-
son of its natural abundance and 13C-enriched mass)
allows for unambiguous determination of its elemental
composition. The elemental compositions of even a few
species below m/z 500 can then serve as internal cali-
brants, thereby improving mass accuracy from 610 to
61.5 ppm. At that mass accuracy, the elemental com-
positions of the remaining species above m/z 500 may be
determined unambiguously.
Confirmation of the proposed elemental composition
for the higher-mass precursor ion may then be inferred
from its CID-generated neutral losses. For example, the
CID loss of 256 Da from the 851 Da natural abundance
precursor anion (Figure 2) vs. the loss of (256 1 16) 5
272 Da from the corresponding (851 1 44) 5 895 Da
13C-enriched precursor ion (Figure 3) establishes the
carbon content of the lost neutral as 16 carbons. The
accurate mass difference between the precursor anion
peak and its product ion (851.5657 2 595.3246 5
256.2411), combined with the knowledge that the prod-
uct contains 16 carbons, then allows for unambiguous
elemental composition assignment of the lost neutral.
This process may be repeated to obtain the elemental
compositions of all neutral losses in the CID spectra.
Finally, the elemental composition of the precursor ion
may then be obtained from the sum of the elemental
compositions of its complementary CID product and
neutral loss constituents. The generality of the above
procedure was confirmed by applying it successfully to
five other phospholipids from the mass spectrum in
Figure 2 (bottom).
Conclusions
The present results demonstrate that prior knowledge
of the number of carbons of an ion can result in a very
pronounced (factor of at least 3) increase in the highest
mass at which elemental composition can be inferred
from mass alone, at a specified experimental mass
accuracy. Carbon number for biological molecules is
readily determined from parallel growth, isolation, ex-
traction, and FT-ICR mass spectral analysis of biomol-
ecules grown on both natural abundance and 99%
13C-enriched nutrients. CID experiments serve a two-
fold purpose: (a) to confirm the common identity of a
given SWIFT-isolated natural abundance and 99% 13C-
enriched precursor ion; and (b) to establish the carbon
number for two or more fragment ions. Carbon number
for the fragments then allows for internal mass calibra-
tion, for unequivocal elemental compositions of ions of
,500 Da. Carbon number of the precursor ion and its
fragment(s) then yields the carbon number for the
corresponding neutral losses (and, in turn, their ele-
mental compositions), from which a precursor ion
unique elemental composition may be inferred. The
improvement is dramatic: for an 851 Da phospholipid,
the number of possible elemental compositions (at an
experimental mass accuracy of 610 ppm based on
external calibration and biologically reasonable compo-
sition constraints) is reduced from 329 to 1!
FT-ICR mass spectrometry is uniquely suited to
capitalize on this approach, because of its potentially
ultrahigh mass resolving power and mass accuracy, and
the capability of MS/MS experiments (also at ultrahigh
mass resolving power and mass accuracy). With the
ready access to all sorts of isotopically enriched biomol-
ecules (based on their expression from isotopically
enriched growth media), the present method offers a
threefold increase in upper mass limit at which elemen-
tal composition may be determined from accurate mass
measurements alone.
Additional potential applications include: (a) screen
a number of different organisms with respect to their
Figure 4. Mass scale-expanded segments for both unenriched
and 99% 13C-enriched lipid species isolated in Figure 2 (bottom,
right) and Figure 3 (bottom, right), respectively. Notice the 44 Da
mass shift (equal to the total number of carbons in the phospha-
tidylinositol) and reversal of the isotopic pattern due to 13C
incorporation. The magnitude of the shift reveals the number of
carbon atoms in the precursor lipid anion and greatly simplifies
the assignment of its elemental composition.
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ability to incorporate (remediate) labeled substrate(s);
(b) track the metabolic fate of labeled substrate(s) in
proteins and other cellular products; (c) extend to
isotopically labeled heteroatom-containing hydrocar-
bons to study their metabolism; (d) measure competi-
tion between labeled and unlabeled hydrocarbons (say,
aromatic vs. aliphatic) to establish bacterial preferences
for readily bioavailable substrate(s); (e) as in (d) but
include soil and other organic matter (e.g., in a biore-
actor) with single (or multiple labeled/unlabeled) sub-
strates to determine the relative bioavailability of spe-
cific classes of hydrocarbon contaminants as a function
of soil or other environmental conditions.
If a protein or peptide were expressed from a me-
dium enriched in 15N rather than 13C, then the present
method could yield the number of nitrogens rather than
carbons in the molecule. However, a peptide of elemen-
tal composition averaged over the protein database [24]
contains 27.5% as many nitrogens as carbons. Thus,
determination of number of nitrogens will reduce the
number of possible elemental compositions by a much
smaller factor than determination of the number of
carbons. However, for molecules of 1000 Da or less, an
approximate estimate of the number of heteroatoms
(e.g., N, O, S, P) may be deduced from the relative
natural abundances of species containing zero, one, and
two heavy heteroatoms; the requisite resolution of
isotopic “fine structure” has been achieved for proteins
up to 16 kDa [3], and is definitely feasible at 1000 Da.
Extending the present approach to, e.g., mammalian
cells would require isotopic labeling of multiple chem-
ical components of the much more complex growth
media required by those organisms. Although theoret-
ically feasible, such extension would be much more
difficult and expensive than for organisms (e.g., bacte-
ria) that can be grown on minimal media.
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